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SUMMARY

ii

A complete look at the near-fielddevelopmentand subsequentrole-up of a

wingtip vortex from a NACA 0015 wing section is investigated. Two separatebut

equallyimportantsurveysof thevortexstructurein theregionadjacentto thewingtip and

approximatelyonechordlengthdownstreamof thetrailingedgeareperformed. The two

surveysprovide qualitative flow visualizationand quantitativevelocity measurement

data. The near-fielddevelopmentand subsequentrole-up of the vortex structures is

stronglyinfluencedbytheangle-of-attackandtheend-captreatmentof thewing section.

Thevelocity field nearthewingtip of theNACA 0015wing sectionwas measuredwith a

triple-sensorhot wire probeandcomparedto flow visualization imagesproducedwith

titanium tetrachloridesmokeinjectionand laserillumination. The flat end-capresults

indicatethe formationof multiple, relativelystrongvortex structuresas opposedto the

formation of a singlevortex produced_ the roundend-cap. The multiple vortices

generatedby the flat end-capareseento rotate arounda common center in a helical

patternuntil theyeventuallymergeinto a singlevortex. Comparedto a non-dimensional

loadingparameter,the resultsof the velocity and flow visualizationdatashows a "jet-

like" axialvelocity profile for loadingparametervalueson the order of 0.1 anda "wake-

like" profile for muchlowerloadingparametervalues.
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CHAPTER 1

INTRODUCTION

BackgroundandPurpose

The development of a wingtip vortex occurs any time a lifting surface, or wing,

terminates in a fluid. The formation of this vortex can be understood jf one considers the

pressure field that exists near the wingtip. As a wing moves through a fluid, lift is

generated when a low pressure field is hydrodynamically produced on the top surface or

suction side of the wing and a relatively higher pressure field is produced on the bottom

surface or pressure side of the wing. This large pressure difference between the two sides

of the wing causes the fluid to accelerate around the tip of the wing from pressure side to

suction side, thus forming a vortex as shown in Figure 1. This vortex trails from the

wingtip and remains relatively strong for many chord lengths downstream.

The characteristics, which determine the behavior of wingtip vortices, have been

the subject of numerous experimental and numerical studies. The important effects

vortices have on practical problems have primarily driven the popularity of such studies.

Reports by Arndt (1991), Rossow et. al (1995), and Sarpkaya (1998) suggest that these

problems consist of the separation distances between aircraft in high lift configurations

such as takeoff and landing, the interactions between shed vortices and following

helicopter rotor blades, and the vibrational noise caused by submarine sails and propeller

cavitation on ships and aircraft. A general goal of these studies is to reduce the inefficient

or hazardous effects trailing vortices have on following lifting surfaces. Despite the

numerous studies performed to date there is much left to be determined regarding the

structure of the vortices. A more detailed understanding of the vortex structure and the

mechanisms, which determine its development and behavior within a few chord lengths

behind the lifting body, will help make progress towards achieving this goal.
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The main purpose of this project is to investigate the characteristics of a wingtip

vortex generated from a NACA 0015 rectangular wing section. Of primary interest are

the mechanisms and characteristics of the flow field, which govern the initial

development, the roll-up, and the velocity distributions of the generated vor(ex. These

characteristics are studied qua!iyat!ve!L=:with smoke visualizationtechniques__ __ _, ,_ ,, and

quantitatively with hot wire probe velocity measurements. The smoke visualization

experiments provide video footage and still images of the development and initial roll-up

of the primary and secondary shear layer vortices. This visual survey begins at the

leading edge of the wing section and ends one chord length downstream of the wing's

trailing edge. The velocity measurements provide both tangential and axial velocity

profiles within the trailing vortex. The tangential and axial velocity profiles are used to

determine the size and strength, and the magnitude of the peak velocity, respectively, of

the vortex core. These velocity profiles are obtained at several locations between the

trailing edge and one chord length downstream of the wing section. Both the visual and

velocity experiments are conducted at a specific Reynolds number and three different

angles-of-attack with the use of a flat and rounded end-cap.

A secondary purpose of this project is to provide accurate and detailed

information on the characteristics that govern vortex flow fields, which can be extended to

the behavior of a vortex generated from a real airplane flying in the atmosphere. Because

the unbounded conditions that apply to a vortex generated in the atmosphere are more

easily simulated in the unbounded domain of a computer model than in a wind tunnel, the

information collected in this study could be used to validate computational algorithms.

This will be accomplished by adding to the current database of experimental vortex

characteristics.
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LiteratureReview

A reviewof publishedpaperson thesubjectof wingtip vortices revealsnumerous

experimentalandnumericaldataon severalspecificareasof vortex development,roll-up,

structure,andbehavior.Two of theseareasinparticularwarrantfurther investigationdue

to their incompleteor conflictingresults,and areof primary interest to this research.

Thesetwo areasincludeaqualitativevisualsurveyof thevortexdevelopmentandrole-up

anda quantitativesurveyof thevortexvelocity profiles. Thenexttwo sectionspresenta

brief reviewof thepublishedpapers,whichdiscussthesetwo areasof interest.

Flow Visualization

A very useful tool in understanding the formation and role-up of a wingtip vortex

is flow visualization. This technique is performed by introducing small neutrally buoyant

particles or "smoke" upstream of the wing section; a process known as seeding the flow.

The introduced smoke is entrained into the shear layers that form on the pressure side of

the wing section and eventually into the forming vortex structures. Passing a laser sheet

through the entrained smoke illuminates the small smoke particles and allows the flow to

be visualized. A video camera is then used to capture video footage and still images of the

2-D vortex structures.

Experimental data from vortex visualization techniques, however, is sparse and

covers only a small range of low Reynolds numbers. The lack of data is evidence of the

difficulties encountered by experimentalists to first, adequately seed the flow, and second,

to record the images with enough resolution to see the fine details of the vortex structures.

Even with these difficulties, previous studies have shown significant differences in the

development process for wing sections with flat end-caps vs. those with rounded end-

caps. In general, these differences are the formation of multiple vortices around a flat end-

cap and a single vortex around a rounded end-cap.
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Using both hot wire probe and flow visualization techniques,Francis and

Kennedy (1979)performeda study on the developmentof a vortex over a rectangular

NACA 64009wing sectionwith a flat end-cap. Their resultsshow that for a Reynolds

numberof 247,000andanangle-of-attackof 4 degreesasinglevortexformedattheabrupt

edgeof the flat end-capon the pressuresideof the wing section. This vortexentrained

morefluid asit traveledalongtheedgeof theflat end-capuntil it eventuallymergedwith a

secondvortex,whichformedon thesuctionsideof thewing section,nearthetrailing edge.

Later flow visualizationstudiesperformedby FrancisandKatz (1988),andKatz

and Galdo (1989) usinga rectangularNACA-66 hydrofoil and Shekarrizet. al (1992,

1993) using a rectangularDARPA sail confirmedthe formation of multiple vortex

structures. Their studies,whichwereperformedat Reynolds numbersbetween37,000

and 380,000,and angles-of-attackgreaterthan 4 degrees,showed the formation of

multiplesecondaryvortexstructures. The formationof thesesecondaryvorticesoccurs

in theregionwherethe abrupt edgesof the end-capgeometrycausethe fluid to separate

as it movesfrom the pressuresideto the suction side of the wing section. In this

separationregion,thesecondaryvorticesoriginatein thepressuresideboundarylayerand

tend to bequite small. The difficulty in visualizingthesesecondaryvortex structures

thenbecomesthetroublesometaskof introducingthe smokeparticles into the boundary

layerwheretheycanbeilluminatedbythelasersheet.

A comparableflow visualizationstudyperformedbyLiangandRamaprian(1991)

lookedat the vortex developmentover a rectangularNACA 0015 wing sectionwith a

roundedend-cap. Unlike the wing sectionswith flat end-caps,their results showedthe

formation of a suctionsidevortexwith no evidenceof multiple vortices forming on the

pressureside of the wing section. This shouldbe expectedsincethe geometryof a

roundedend-capdictatesseparationdueto anadversepressuregradienton the suction

sideof the wing sectionandnot dueto the abruptedgeson a flat end-cap. Their study
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was alsoconductedat relatively low Reynoldsnumbers(80,000< Re < 194,000)and

angles-of-attackbetween5 and15degrees.

In addition to experimentalstudies, severalnumericalcalculationshave been

performedto investigatethe near-fielddevelopmentand structureof wing tip vorticesl

Basedon thecomplexityof theproblem,only wing sectionswith roundedor beveledend-

capgeometrieshavebeeninvestigated.The most resentstudies,conductedby Dacles-

Mariani et. al (1995) and Hsiao and Pauley(1996), simulatedflow over rectangular

untwistedNACA 0012and0015wing sections,respectively. Thoughtheir resultswere

calculated for much higher Reynolds numbers compared to those from similar

experimentalstudies(1.5and 3.5 million, and4.6 million, respectively)they show the

formation of only the primary suction side vortex. These results suggestthat the

formationof awingtip vortex is stronglydependenton theend-captreatment.

Vortex Velocity Characteristics

The foundation of our current understanding of wingtip vortex behavior stems

predominately from experimentally collected velocity data. These measurements are

made at discrete locations within the vortex flow field with the use of such tools as hot

wire anemometers, particle image velocimeters (PIV), laser doppler velocimeters (LDV),

and pressure probes. The vortex is typically described by two velocity components Ux

and Ue, where x and e are the axial (streamwise) and tangential directions respectively.

Plots of the variation of these velocity components at a specific downstream location of

the wingtip provide the basis of comparison between different experimental and numerical

studies.

Due to widely varying experimental conditions, significant differences in the axial

and tangential velocity profiles make it difficult to define what might be called a "typical"

wingtip vortex. The axial velocity profile seems to be the main source of inconsistencies

between studies (Ramaprian and Zheng 1997). In an attempt to analytically define a
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typical wingtip vortex,Batchelor(1964) lookedat thecharacteristicfeaturesof a trailing

line vortex. His analysisexplained,in part, the relationshipbetween the axial and

tangentialvelocitiesbasedon a pressuregradientin eachof these directions. This

relationship is founded in the principies Of Bernoulli, which are derived from the

momentumequationsof the flow field, in general,he concludedthat due to the

relationshipbetweenthepressureandvelocityfields in avortexa changein the tangential

velocity can inducesa proportional changein the axialvelocity producingboth an axial

velocity accelerationanddecelerationwith respectto thefreestreamvelocity. This effect

on thecharacteristicsof thevortexstructurehe termsthe"Bernoulli effect." However,at

thetime of hisstudyvery little experimentaldataexistedto supporthisanalysis.

n the years following Batchelor's(1964) analyticalstudy, severalexperimental

studieswereperformedin whichthe axialvelocity characteristicsof the wingfip vortex

were noted(Thompson1975). Eachof thesestudies,performedwith widely differing

testparametersandwing sectionconfigurations,presentedresultsthat showedboth "jet-

like" and "wake-like" axial velocity profiles. Unfortunately, the significanceof

Batchelor's (1964) study went unnoticed and the results from the subsequent

experimentalstudies seemedto c0ntradict eachother when, in fact, they Couldbe

reconciled. Nonetheless,the results from thesestudieswere different, and the likely

reasonwastheeffectsvaryingtestparametersandwing sectionconfiguratiOnshadon the _

vortex structure. However, test parameters

studies rarely overlap making it difficult

configurationsinfluencethe production of a

profile.

and wing configurationsfrom different

to determining which parameters and

"jet-like" or "wake-like" axial Velocity

Comparisonsof two recentexperimentalstudiesperformedby Chowet. al (1997)

andDevenportet.al (1996)provideanexampleof howvaryingtest parametersandwing

configurationscanaffect the structureof the vortex velocity flow field. The study

performedby Chow et al. (1997)useda NACA 0012rectangularwing sectionwith a



7

roundedend-capand an aspectratio of 0.75. The wing sectionwas positioned at 10

degreesangle-of-attackwhile measurementsweretakenat approximately0.16 to 0.67

chord lengthsdownstream.Data taken from eachlocationproduced"jet-like" velocity

profiles wherethe magnitudeof the maximumaxialvelocity was approximately1.7U

decayingonly slightly from the trailing edgeto 0.67chords. Devenport et al. (1996)

performeda similarstudy usinga NACA 0012rectangularwing sectionwith a flat end-

cap andanaspectratio of 4.33. Their wing waspositionedat 5 degreesangle-of-attack

and velocity measurementswere taken at various locationsbetween5 and 30 chord

lengthsbehindthe wing's trailingedge. Their results show that the axialvelocity data

produceda "wake-like" profile wherethe maximumcorevelocity was lessthan the free

streamvelocity with a magnitudeof approximately0.84Uoo. In addition, the magnitude

of this velocity deficit changed very little from 5 to 30 chord lengths downstream.

It is likely that the different velocity profiles produced by the studies of Chow et

al. (1997) and Devenport et ai. (1996) are due to the differences in their test parameters.

These differences are evident in the Reynolds number (4.6xi06 vs. 5.3x10S), the aspect

ratio (0.75 vs. 4.33), the angle of attack (10 degrees vs. 5 degrees), and the test location in

chord lengths downstream of the wingtip (x/c < 0.67 vs. x/c > 5.0) for Chow et al. (1997)

and Devenport et al. (1996) respectively. Furthermore, their data acquisition methods

were different in that Chow et al. (1997) used a 7-hole pressure probe and Devenport et

al. (1996) used a 4-sensor hot wire probe. Which of these parameters, or perhaps which

combinations of these parameters, produce a "jet-like" vs. "wake-like" profile is not

exactly clear.

A recent review by Spalart (1998), published 34 years after Batchelor's initial

study, brings us a little closer to understanding how some test conditions affect the axial

velocity phenomenon reported by Batchelor (1964) and subsequent experimental studies.

In this report, Spalart (1998) sheds new light on Batchelor's analysis of a trailing line

vortex and introduces his own analysis showing the interaction between the axial and
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tangentialvelocities. Fromhisanalysis,Spalart(1998)derivesaproportionalrelationship

betweentheaxialvelocitycomponent,Ux, anda dimensionlessquantity identifiedasthe

wing loadingparameter,F/(U _ b), whereF is thewingcirculation,U o_is the freestream

velocity, and b is the wing span. Using this wing loadingparameter,Spalart (1998)

proposesa way to reconcilethe differencesbetweenexperimentalstudies. Calculating

this parameterfor thetestwingsof Chow et al. (1997)andGreen(1995)iwhoseresults

showa"jet-like" maximumaxialvelocityof 1.78Uooand 1.62U oo,gaveF/(U oob) -- 0.20

and0.14 respectively. In contrast,Devenportet al. (1996),who reports a "wake-like"

profile, hasa much lower wing loadingparameterF/(Uoob)= 0.028. Sincethe wing

loadingparameteris strongly tied to the angle-of-attackand aspect ratio of the wing

section,it is likely that the axialvelocity profile is most significantly affectedby these

two parameters. :: _:

Five separatestudiesby Chigierand Corsiglia(1972), Corsigliaet. al (1973),

Logan (1971), Orloff (1974), and McAlister and Takahashi (1991) confirm the strong

relationship between the wing angIe:6f-attack and the axial velocity profile. Their results

indicate a point of transition from "jet-like" to "wake-like" profiles for decreasing angles-

of-attack. Even though the exact point of this transition is different for all five studies,

the results follow the same trends predicted by the wing loading parameter. The study

by McAlister and Takahashi (1991) also shows a strong relationship between the wing

aspect ratio and the axial velocity profile. Under the experimental conditions where the

Reynolds number, wing angle-of-attack, and chord length are held constant, data was

collected for an aspect ratio of 6.6 and 8.1. The axial velocity profiles for these two wing

configurations show a "jet-like" and "wake-like" profile, respectively. By calculating the

wing loading parameter for each of these wing configurations and comparing the results to

the respective axial velocity profiles, McAlister and Takahashi's (1991) data is again

shown to be consistent with trends predicted by the wing loading parameter.
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These five studies, however, test no more than four angles-of-attack,three

locationsdownstreamof the wingtip, two differentaspectratios,andtwo differentend-

cap treatments,none of which overlap with eachother. This fact alone makes it

impossibleto conclusivelydeterminewhich parametershavethe most influenceon the

maximumaxialvelocityprofiles. In fact, Green(1995)suggeststhat the axialvelocity is

strongly dependenton adifferentparameter,the Reynoldsnumber,but admits that no

one has yet given adequateevidencesupporting this relationship. Nevertheless,a

combinationof thesewing parametersandconfigurations,representedby thewing loading

parameter,is a goodpredictorof the generalbehaviorof the axialvelocity in a wingtip

vortex and canbe usedto reconcilethe differencesfound in many experimentaland

numericalstudies.
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CHAPTER2

EXPERIMENTAL FACILITY

All experimentaldatawere collectedfrom the velocity measurementsand flow

visualizationtestswereperformedin UtahStateUniversity's subsonicwind tunnel. This

facility hasa4-ft. x 4-ft. squaretest sectionthat extends47 feet downstreamfrom a 9:1

contractionratio inlet to a 125-footlongrounddiffuser. Severalsidesof the test section

aremadefrom 1-inchthick Plexiglas,which allow the observerto seethe test modeland

equipment,andvisually monitor the test conditionsandprocedures. Figure 2 shows a

sideandtop view of thecompletetunnelfacility.

Thewind tunneltestsectioncanachievea maximumspeedof 123mph (55.0m/s)

with amaximumemptytestsectionturbulenceintensitylevelbelow0.5%. A 200 HP 3-

phase AC motor and a 6-foot diameter4-bladevariablepitch propeller pull the air

throughthe test section. The speedof the motor is controlledwith anAllen Bradley

1336VTvariablefrequencymotorcontroller. Thepitch of the propeller andthe voltage

input to the motor controllerareremotelyadjustedfrom within the control room. All

equipmentrequiredto monitor the wind tunnel's operation and control the physical

parametersof the studyarelocatedinsidethecontrolroom.

Vital to accuratetimeaveragedvelocitymeasurementsandpreciseflow seedingfor

visualization techniquesis the quality of the airflow entering the inlet and being

acceleratedthroughthetestsection.A flow conditioningscreenis locatedat the entrance

of the inlet to reducethe overallturbulencelevel. This screenconsistsof 4.5 in. thick

aluminumhoneycomb.Eachhexagonalcell of the honeycombhasa nominalsizeof 3/,6-

inchdiameter.An explodedschematicof the inletassemblyis shownin Figure3.

Thecurrentstudyusestwo PentiumII PC's andNational Instruments'LabView

and TSI's ThermalProsoftware to monitor atmosphericparametersand to control the
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tunnelspeed.Eachof theseparametersis measuredin realtime and, if necessary,canbe

changedduringthecourseof anexperiment.

The parametersthat are constantly monitored include the tunnel velocity,

atmosphericpressure,andatmospherictemperature. The velocity is measuredwith a

pitot statictubeconnectedto a SetraDatum2000pressuretransducer.The atmospheric

pressureand temperaturearemonitoredwith a Setramodel276 barometricsensoranda

type T thermocouple,respectively. The thermocouplecircuit uses TSI's constant

temperatureanemometeras a cold junction reference. From these three parameters,

LabView calculatestheair density,sonicvelocity,Machnumber,andReynoldsnumber.

A NACA 0015rectangularplanformwing sectionwith a 30-inchchord and 24-

inch semi-spanisusedto generatethe wingtip vortex. This modelhasa solid foamcore

cutto shapeusingahotwire andtwo l/8-inchthick aluminumtemplates.Thesetemplates

anda 2_-inchdiameteraluminumpipe locatedat the quarter-chordof the wing makeup

thesupportstructureof themodel. Twelve layersof fiberglasscompositeanda painted

finish protectthefoamcoreandprovidea smoothsurface. Twenty-five pressureports,

twelve oneachsideandoneatthe leadingedge,arepositionedmid-spanon the surfaceof

the model. Theseportsareusedto determinethe angle-of-attackof the wing sectionby

comparingthe surfacepressureson the suctionand pressuresidesof the wing during

tunneloperation.A cut-a-wayschematicof thewing structureis shownin Figure4.

Thefinishedwing sectionmodelis mountedvertically on a 40-in. x 47-in. splitter

platethat extendshorizontallybetweenthewind tunnelwalls. The upstreamedgeof the

splitter plate is roundedto reducethe formation of turbulent eddies. Similarly, the

downstreamedgeof the splitter plate is taperedto reducethe size of the wake it

generates.The wing sectionis mountedsuchthat its leadingedgeis 4 inchesbackfrom

the nose and its trailing edgeis 6 inchesup from the tail of the splitter plate. Two

aluminumtracksthathavea 1-in.x 1.5in. 'U' shapedcross-sectionarerigidly fastened4

inchesup from thewind tunnel floor. Thesetracksextenddownstream20 feet from the
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beginningof thetestsectionandsupportthesplitterplateandwing section.A picture of

thesplitterplatemountandthefinishedwing sectionisshownin Figure5. Thepictureis

takenlookingdownstreamin the wind tunnelandshowsthe leadingedgeof the splitter

plate andwing section. The aluminumtracks that support the splitter plate and wing

sectioncanalsobeseenin thebottomrightandleft-handcornersof thepicture. The wing
;L

section shown is fitted with the flat end-cap.
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VORTEX STUDY ARRANGEMENT AND PROCEDURES

The experimentalsetup for the current vortex study involves two separate

surveysof the vortex structure. The first of thesesurveys usesa qualitative flow

visualization techniqueto illuminatethe major vortex structuresand capture them on

videofootageandstill images.Thesecondsurveyusesa triple-sensorhot wire probeto

surveytheflow field in andaroufidthe developingvortex.The Reynoldsnumberis held

constantduringthedatacollectionprocessallowingavalidcomparisonof theresultsfrom

the two surveys.

The flow visualizationtechniqueis quite sensitiveto the flow conditions in the

test sectionof the wind tunnel. Therefore,careful considerationto the atmospheric

conditionsandthe velocity in the test sectionwere taken. For example,if the tunnel

speedis too slow, slightdifferencesin the atmosphericconditionsat either end of the

tunnelcausenoticeableunsteadinessin thetestsectionandmakepreciseplacementof the

smokein theflow seedingprocessdifficult. Ontheotherhand,if the tunnel speedis too

fast, the higherturbulencelevels in the test sectioncausesthe smoketo diffuse more

quickly leavinglessto beentrainedinto thevortexstructuresandilluminatedby the laser

sheet. Based on these limitations, all flow visualization data was measuredat an

intermediatetunnelspeedof 50mph(22m/s),whichgavetheoptimumflow visualization

conditions and the highestquality video and still images. In addition, all velocity

measurementswerecollectedatthis samespeedso that anaccuratecomparisonbetween

the two surveyscouldbemade. The Reynoldsnumberof the flow in the test section

basedon thechordlengthof thewing sectionandfor avelocityof 50mph is 1 x 10 6.

A global Cartesian coordinate system aligned with the fixed walls of the wind

tunnel is also defined. This coordinate system aligns the positive x-axis with the
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downstreamdirectionof the wind tunnelparallel to the walls. The positive y-axis is

directedupward perpendicularto the top and bottom of the wind tunnel walls and

parallel to the spanof the wing section. The right handcoordinatesystem rule then

definesthe positive z-axesto bedirectedto the left when facingupstreamin the wind

tunnel. The x and y directionsin this coordinatesystemareoften referredto as the

streamwiseandspanwisedirections,respectively.Theoriginof this coordinatesystemis

fixed to thewing sectionat thepoint of intersectionbetweenthetrailing edgeandthe end-

cap. Locatingtheoriginatthispoint meansthatit will moveasthewing sectionis turned

to different angles-of-attack. This coordinatesystem is used when collecting and

reportingall flow visualizationandvelocitydata.

Flow VisualizationSetup

The flow visualizationprocessfor this study is separatedinto four different

components,the flow seedingapparatus,the laservisualizationapparatus,the recording

apparatus,andthe wing sectionmodel. The locationof thesecomponentsin relationto

eachotherandthewind tunnelis shownin Figure6.

Visualizingthe developmentof the vortex structurebeganby seedingthe flow

upstreamof the wing sectionmodelusingtitanium tetrachloride(TiCI4)asdescribedby

Mueller (1996). Theseedingprocessinvolveddirectlyinjecting neutrallybuoyant smoke

particles into the air streamwith the useof a smokerake. The smokeparticleswere

generatedfrom liquid titaniumtetrachloride,which reactswith the water vapor in the air

streamto form smalltitaniumdioxide(TiO2)particlesandhydrochloricacid(HCI) vapor.

TheTIC14is held in aglassErlenmeyerflaskthatis connectedwith separateTygon tubes

to a pressurizedtank of nitrogen_2) gasandto the smokerake. Eachtube is clamped

nearthe inlet andoutlet ports on the flaskto control the infiltration of N2 gas into the

flask and the expelling of the TIC14 through the smoke rake. As desired, the clamps are

released and the N2 gas forces the TIC14 to sublimate and flow through the smoke rake
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into theairstream.Thereactionprocessthenoccursasthe TIC14leavesthe ports on the

smokerake forminga visiblewhite smokeasit comesin contactwith the air in the test

section.Figure7showsadiagramof this smokegenerationsetup.

The purpose of the smoke rake is to direct individual streams of smoke particles

into the shear layers that form on the pressure side of the wing. A hollow aluminum tube

with a symmetric airfoil shaped cross section is the main structure of the smoke rake.

Nine round exit ports located 1-inch apart are drilled along the trailing edge of the support

tube. In order to avoid releasing the smoke directly into the wake of the support tube,

each exit port is fitted with a I/8-inch diameter brass tube. These tubes extend 1-inch

downstream of the trailing edge of the support tube and deliver nine individual streams of

smoke into the test section. A 300-mW argon-ion laser is used to illuminate the smoke

particles as they are entrained into the forming vortex structures.

A rail and slide assembly is mounted downstream of the argon laser to redirect the

beam downward into the tunnel and expand the beam into a thin sheet. This assembly

consists of a horizontal rail, a main vertical support post, which are used to position a

1.0-inch diameter broadband dielectric mirror and cylindrical lens. The rail and slide

assembly is positioned on top of the tunnel according to Figure 8. The movement of the

assembly along the horizontal slide controls the alignment between the laser beam, the

mirror, and the cylindrical lens. The width of the laser sheet at the plane of intersection

with the wingtip is approximately 10-12 inches allowing adequate coverage of the

pressure and suction sides of the wing section. A highly polished portion of the Plexiglas

wall between the lens and the wing section prevents distortion of the laser sheet as it

passes into the tunnel.

Video images of the vortex structures were captured using a Pulnix TMC-7DSP

CCD color camera with a Rainbow H6X8M-II 8-48mm lens. The zoom, focus, and iris

settings of the lens are motorized and adjusted from within the control room using a
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remoteRainbowA-III lenscontroller. A computercontrolledpan-tilt unit adjuststhe

positionof thecameraandlenswithin thetunnel.

The pan-tilt unit andvideo cameraaremountedto the inside top of the wind

tunnel. The camera assembly is positioned in the upper right-hand corner of the tunnel if

looking in the downstream direction. A sheet metal faring is also attached to the top of

the tunnel and extends around tHe_-cana-erii _issembi_. -T-_-_?i_b-se-dgi-heTfiTrqhg-i-s---_/o ..............

protect the camera assembly and to minimize the wake generated by the camera assembly.

The position and relatively small size of the faring in relation to the wind tunnel cross-

section helps minimize its effects on the uniform flow in the test section. In addition, the

faring is sufficiently far away from the wing section model and generated Vortex that it has

no measurable effect on the flow visualization or velocity data.

Velocity Measurements Setup

The traversing apparatus provides the means of moving the probe in the yz-plane

in the test section. The horizontal direction has a totaI range ot" 34 inches and the vertical

direction has a range of 24 inches. Yhe_resoIutT0-ff_t_r]zontal and_e?ticaI_stepper

motors is 31250 and 125000 steps per inch, respectively. Communication with the

motor controllers is achieved with TSI's ThermalPro software and is incorporated

directly into the data acquisition system.

All velocity data collected for this study was obtained with an Auspex AVEP-3-

102 triple-sensor hot wire probe connected to a 5-channel TSI IFA300 constant

temperature anemometer. The probe is capable of resolving the three components of

velocity u, v, and w and has a small measurement area of approximately 0.0016 in 2 (1.0

mm2). A diagram showing the specifications and dimensions Of the triple-sensor probe is

shown in Figure 9. Each sensor has a slant angle of 45 degrees and the azimuth angle

between adjacent sensors is 60 degrees. Figure 10 shows the sensor array geometry of the

Auspex triple-sensor probe. The triple-sensor probe is calibrated using the method of
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Lekakiset. al (1989) andthe resultingvelocity componentsarealignedwith the wind

tunnelcoordinatesystemsuchthat u, v, andw, arethe velocity componentsin the x, y,

andz coordinatedirections

The voltagetime-seriesdatafrom the anemometeris relayed to the computer

through a 16-chalmelbreakoutboard and a United Electronic Industries (UEI) data

acquisitioncard. Thedataacquisitioncardis a32-bitanalogto digital converterwith two

16-bitresolutioninputsandoutputs.



CHAPTER4

DISCUSSIONAND RESULTS

18

Thecurrentstudyrecordedflow visualizationandmeasuredvelocity dataat three

streamwiselocationsx/c= -0.2,0.05,and1.0referencedfromthetrailingedgeof the wing

section.Thedatawerecollectedat eachlocationfor; a constantReynoldsnumberof 1x

106,angles-of-attackof c_= 4, 8, and 12degrees,and.both the flat and round end-cap

configurations.The meanfreestreamvelocity for all datawas 50 mph (22 m/s). This

velocity is used to normalize the axial and tangential velocities measured by the triple-

sensor probe and to calculate the non-dimensional loading parameter.

Velocity Measurements Results

The velocity profiles for the flat and round end-cap treatments are shown as

contour plots where each contour line represents a constant axial or tangential velocity.

The shaded regions shown in the contour plots represent invalid data locations wgere the

flow angles exceeded its measurement capabilities triple-sensor probe. The physical

geometry of the sensor array determines the measurement capabilities of the probe, and in

the case of this study, limits the probe's ability to measure flow angles higher than 30

degrees. Outside of the shaded regions the data is valid and contains enough detail so that

reasonable comparisons can be made between the velocity and flow visualization results

and with the results from other wingtip vortex studies, The normalized increments

between constant axial and tangential velocity contours are represented with the symbol

A, as seen just below each figure. The contour plots created for a streamwise location of

x/c = -0.20 include an outline of the wing section to show its relative position with

respect to the measurement plane. The region to the left of this outline is the suction side

of the wing section and the region to the right is the pressure side of the wing section.

The gap between the wing section outline and the velocity contours shown in the plots is
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the distanceof the closestapproachbetweenthe triple-sensorprobe and the surfaceof

thewing section,which was approximately_-inch for all angles-of-attackand end-cap

treatments.

Flat End-Cap Results

4 Degrees Angle-of-Attack

The velocity contours for the wing section fitted with the flat end-cap at o_ = 4

degrees are shown in Figure 1 la-f. The approximate center of any discernible vortex

structure is identified with a letter Such as A, B, C, etc. The relative movement of each

vortex structure with respect to the wing section and other vortices cannot be determined

from the presented velocity contours, but was determined from the video recordings taken

during the flow visualization part of this study. Based on the information presented by

the video recordings, the movements of each vortex structure is traced from one

measurement plane to another and identified with the appropriate corresponding letter.

In some instances, these same identifiers are used to label different parts of velocity

profile plots that correspond to the location and characteristics of specific vortex

structures.

The first two plots shown in Figure 1la,b indicate the presence of two distinct

vortex structures that began their formation upstream of the velocity measurement plane

located at x/c = -0.20. In both cases, the vortex structures appear to have formed at the

sharp edges of the flat end-cap, which are natural separation points for the fluid as it

accelerates around the end-cap from the pressure side to the suction side of the wing

section. These two distinct vortex structures provide evidence that at this streamwise

location a portion of the wing section's vorticity has been shed and is rolling-up into at

least two separate vortices. The tangential and axial contours indicated obvious

differences in the structure of each vortex. In general, these differences are characterized
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byhighertangentialandaxial velocity gradientsfound in onevortex over another. When

these velocity gradients (axial and tangential) are localized around a common point they

define an individual vortex structure, or what is termed as a "coherent" vortex. The

relative magnitude of the velocity gradients around a particular vortex compared to

another is what determines their comparative strength. Based on these definitions, the

tangential and axial velocity contours in Figure 1 l a,b indicate that the vortex on the

suction side (positive z/c) of the wing section is stronger and more coherent than the

vortex forming over the end-cap.

Figure 1 l c,d shows the tangential and axial velocity contours for a streamwise

location ofx/c = 0.05. The measurement plane for this location is slightly downstream of

the trailing edge and thus provides a view of the vortex structures after leaving the region

of direct interaction with the wing section. At this point in the flow field, all of the

vorticity generated by the wing section has been shed into either the wake region, or

rolled-up into the wingtip vortex structures. Even at this early stage of development,

Francis and Kennedy (1979) reported that as much as half of the generated vorticity is

contained in the wingtip vortex structures.

The tangential velocity contours in Figure I 1c show that the two vortex structures

have moved in a counter-clockwise (CCW) direction, as seen in the video footage, with

respect to the wing section and are now aligned vertically in the y-direction with each

other. Compared to their positions in Figure 1 la,b, both vortex structures have moved

inboard (negative y-direction) with respect to the wing section. At this point in the flow

field, the velocity gradients of the two structures have somewhat been balanced making

the features of the two vortices less unique compared to each other. Nonetheless, the

relative locations of vortices A and B are consistent with those seen in the video footage.

The axial velocity contours presented in Figure 1l d indicate the presence of four

distinct regions of large axial flow gradients. These regions are identified with the lower

case letters a, b, c, and d. The two upper regions (b and c) show relatively large axial
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velocity gradientsandcorrespond{oa locationthat is directly behindthe tip of the end-

capatthetrailingedgeof thewing section. Thecharacteristicsof the flow in this region

arestrongly influencedby both the pressuregradientfrom the end-capandthe merging

wake at the trailing edge. The combinationof thosetwo factorsproduce a regionof

acceleratedaxialflow at the tip ofthetraii]ng edge.The nextregioncorresp0ndStO the

centerof rotation of vortexB identifigd[inFigure 1lc. The characteristicsof this region

help identify vortex A asbeingsinglecoherentvortex. The final distinct regionof axial

flow shownin Figure1l d is thetrailingedgewake.Thisregionis commonto all velocity

contoursplotsat x/c= 0.05,which shouldbeexpecteddueto the closeproximity to the

trailingedge.As we will seein the contourplots for x/c= 1.0,this regionbecomesless

distinct furtherdownstreamasit is entrainedby thedominantwingtip vortex.

The velocity contoursfor the last streamwiselocationof x/c i.0 are shown in

Figure1ie,f. At this distancedownstreamof the trailing edge,both the tangentialand

axial velocity contoursshowthatthetwo vortexstructures,A andB, havemergedinto a

single,relativelysymmetricvortex. TherotationalCenterof this vortex is located inboard

(negativey-) andto the suctionside(posmvez-) with respectto _e_he tr_l'hng

edge.Thesizeof thesurveyedregionisnot largeenoughto conclusivelydetermineif the

vortexroll-up iscomplete.

8 Degrees Angle-of-Attack

Figure 11 a-f shows velocity contours for the flat end-cap wing section positioned

at an angle-of-attack of 8 degrees. Figure 12a,b show that for this increased angle-of-

attack at least four, possibly five, vortex structures form upstream of the measurement

plane located at the streamwise position ofx/c = -0.20. Two of the vortex structures (D

and E) are formed along the pressure and suction side edges of the flat end-cap while the

third, fourth, and possibly the fifth vortex structures (A, B, and C) are formed away from

the surface on the suction side of the wing section. The features of each vortex Structure
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becomemoredistinct as one movesaroundthe end-capfrom the pressuresideto the

suctionsideof thewing section.In fact, it appearsthat vortexE on the pressureedgeof

the end-capis in the beginningstagesof development. It is further apparent from the
_ _ 1_7__;:-:_:_;;_-_ _:: :- i : _; : _i_ 7': 7:_::_:_,;_z#_ ;_:: :_ : '_ _

contour gradients shown in both the tangential and axial plots that vortex A, which

formed away from the surface on'_th_e_sucti-on side of the wing Section, iSmUC_'S_ronger

and more coherent than the otlaei'-v6r_[_s_ This is similar beha+ior tO that_descr_e-d]n

the ot = 4 degree results. The fact that the central region in the suction side vortex is

shaded (indicating high flow angles) also shows that the strength of this vortex is greater

in comparison to the other vortices. Furthermore, the larger flow angle encountered for

the _ = 8 degrees case compared to the c_ = 4 degrees case suggests that the strength of

the suction side vortex is increasing with angle-of-attack. Also similar to the _ = 4

degrees case, the formation of multiple vortex structures suggests that the wing section's

vorticity is being shed from the wingtip in multiple sheets.

Advancement of the forming vortex structures to a streamwise location just behind

the trailing edge of the wing section at x/c 0.05 is shown in Figure 12c,d, The velocity

contours for this location show similar trends in the movement and coherence of the

vortex structures as was described for the o_ = 4 degrees case. Identifying the new relative

positions of each vortex labeled in Figure 12a,b indicate that they progress in a CCW

direction with respect to the wing section from x/c = -0.20 to x/c = 0.05. At this

streamwise location, all of the vorticity generated by the wing section is Contained in the

wake region or in the individual vortices. Since the vortices are no longer being fed new

vorticity, they begin to redistribute the existing vorticity between themselves causing

their individual swirl velocities become nearly equal. Once the vortices move beyond the

trailing edge, it is easier to identify the fourth vortex structure, B, located at the

approximate center of rotation for the other four vortices. The contours for vortices A,

D, and E show that their individual tangential and axial velocity gradients correlate quite
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well. However,thetangentialvelocitygradientsof vorticesB andC donot correlatewith

aregionof largeaxialvelocitygradients.

Figure12e,fshowvelocity contoursat a streamwiselocationof x/c = 1.0. The

tangentialandaxial velocitycontoursshowthat thevortexstructuresidentifiedupstream

havemergedinto onedistinct vortex. However,this distinct vortex is moreasymmetric

than that shownin the _ = 4 degreescase. This lackof symmetry indicatesthat the

vortex structure for c_= 8 degreesis not completely rolled-up at one chord length

downstream. The contoursfurther indicatethat the singlevortex structurehasa much

highertangentialandaxialvelocity gradientscomparedto the vortex at c_= 4 degrees.

Sincethescaleof theplots for bothangles-of-attackarethe same,the vortex generatedat

c_= 8 degreesis moreconcentratedandhasgreaterstrength.

12 Degrees Angle-of-Attack

Tangential and axial velocity contours for the flat end-cap wing section positioned

at an angle-of-attack ofc_ = 12 degrees are shown in Figure 13a-f. Similar to the contour

plots presented in Figures 11 and 12, these plots show the formation and progression of

the wingtip vortex from a streamwise location ofx/c = -0.20 to x/c = 1.0. The contours in

Figure 13a,b show the initial development of approximately five vortex structures. The

tangential contours, Figure 13a, show that three of the five structures are reasonably

distinct and form in similar locations with respect to the wing section as those measured

at the lower angles-of-attack. The axial velocity contours shown in Figure 13b provide

more definition to these three vortices and offer evidence of the other two, which form

close to the suction side surface of the wing section. Again, it can be seen from both

contour plots that the strongest vortex is located off of the surface on the suction side of

the wing section.

The velocity contours at a streamwise location of x/c = 0.05 are shown in Figure

13c,d. These plots show the relative positions of all five vortex structures identified in
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Figure13a,caftertheyhavemovedbeyondthetrailing edge. The same CCW processions

of the vortices as seen at the lower _gles of attack were observed with the aid of the

video recording. Similar to the c_ = 8 degrees case, a distinct vortex structure is located at

a central location with respect tO the other vortices. This central vortex lacks the large

tangential and axial velocity gradients that characterize the surrounding vortices.

The velocity contours for the last streamwise location of x/c = 1.0 are shown in

Figure 13e,f. These velocity contours show that the individual vortices identified

upstream have begun to merge into a single vortex. Similar to the plots shown for a = 8

degrees, this single vortex structure has a large region of high velocity gradients and flow

angles. However, comparing the velocity gradients at c_ = 12 degrees with those seen at

lower angles-of-attack suggests that the wingtip vortex is progressively getting stronger as

the angle-of-attack is increased. Unlike the vortices shown at the lower angles-of-attack,

this single vortex is more asymmetric and has evidence of several other distinct vortex

structures indicating that the roll-up is finalized further downstream.

Flat End-Cap Discussion

The tangential and axial velocity contours for the flat end-cap wing section show

multiple vortex structures forming at a streamwise locations of x/c = -0.20 for all three

angles-of-attack. It was deduced from the video recording that the vortices observed at

this streamwise location originate upstream along the edges of the flat end-cap. These

edges, which act as natural points of separation, divide the vortex sheet being accelerated

around the wingtip into multiple sheets that eventually form the vortex structures

described by the velocity contours. The strength and coherence of the individual vortices

is directly related to the location along the edge of the end-cap from which they separate.

This is evident in the consistently stronger and more coherent suction side vortex that

forms early (near the leading edge) on the suction side of the wing section as seen in the

video footage and Figures 11-13. To illustrate this phenomenon, Figure 14a-c shows the
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front, top, andsideviews of the wing sectionfitted with the flat end-capfor all three

angles-of-attack.

Eachof the illustrationsshownin Figure14a-crepresentsthe initial formationand

progressionof the vortexstructuresidentifiedin the velocity contoursof Figures11-13.

The generalpath eachvortex follows in the illustrations is obtainedfrom the video

footage. Figure 14ashows that two vortices form nearthe leadingedgeof the wing

section. Initially, dueto apressuredifferenceacrossthe two sidesof the wing section,a

singlevortex beginsto form alongthe pressureside edgeof the end-cap. At first, the

vortex is quite smalland entrainsonly a portion of the fluid that is beingaccelerated

aroundthewingtip. Theremainderof thefluid movesover the top of the smallpressure

sidevortexandseparatesalongthesuctionsideedgeof theend-capasshown in the front

view of Figure14a.As thevorticesmovedownstream,the pressuredifferenceacrossthe

end-capincreasescausingthemomentumof thefluid movingover the wingtip to increase

andthevorticesto progressivelygainstrength. Eventually,the vortexformingalongthe

pressuresideof the wing sectionbecomessufficiently largethat it spansthe localwidth

of the end-capandeffectively hidesthe suction sideedge. By doingso, it forcesthe

vorticity beinggeneratedin thepressuresideboundarylayer to wrap aroundthe end-cap

to the suctionsideof the wing sectionandbypassthe "hidden" edgeof the end-cap. In

general,this limits the amountof vorticity beingfedto the vortexalongthe end-capand

increasesthe flow of vorticity to the suctionsidevortex. The result is a strongermore

coherentsuctionsidevortexas seenin Figures11-13. The top/sideview of Figure 14a

showsthisphenomenonwith linesrepresentingthepath of the fluid beingentrainedinto

thevortices.

Figure 14b,cillustratesthe stonephenomenonshownfor c_= 4 degrees,but does

so for a = 8, and 12 degrees.The primary differencebetweeneachillustration is the

magnitudeof thepressuregradientacrossthe two sidesof the of the wing section. This

higherpressuregradientcausesthe initial pressuresidevortex to migratemorequickly
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towardthesuctionsideof thewing sectionasshownin thetop/sideview of Figure14b,c.

As this occurs,thepressuresidevortexspansthewidth of theend-capsoonercausingthe

suctionsidevortexto entrainmorevorticity at anearly streamwiselocationand grow in

strengthmorerapidly thananyothervortex. In addition,asthesuctionsidevortexmoves

toward the suctionsideof the wing sectionspacebecomesavailablealongthe pressure

sideedgeof theend-capwhereanewvortexcanform.

Oncethevorticesleavethetrailingedgeof thewing section,the pressuregradients

in the flow field beginto equalizeand the velocity gradientsbecomemore uniformly

distributed. The numberand relativeposition of these individual vortices is clearly

identified in Figures11-13at x/c= 0.05. Basedon the mechanismsillustratedin Figure

14a-c,the numberof vorticesgeneratedby the flat end-capincreasewith an increasein

the angle-of-attack;thus two vorticesaregeneratedat c_= 4 degrees,four at c_= 8

degrees,andfive at c_= 12degrees.Videofootageconfirmsthat thesevorticesmove in a

CCW directionwith respectto thewing section,which is consistentwith the directionof

flow overthewingtip inducedbythepressuredifferential. In addition,the video footage

alludesto a claimthat the multiple vorticesgeneratedat eachof the angles-of-attackare

rotatingaboutacommoncenter. The locationof this commoncenteris morediscernible

at the two higherangles-of-attackand is markedby its central location and velocity

characteristicscomparedto theothervortexstructures.VorticesB in Figures12cand 13c

areconsideredto be the centerof rotation for the surroundingvortexstructures. Partial

evidenceof this claimis shownin thetangentialandaxialvelocitycontoursfor vorticesB.

Thesecontoursshowrelatively low tangentialandaxialvelocity gradientsin the region

surroundingthe two vortices. Thesevelocity contours are not consistent with the

distinct individual vorticespresentin the surroundingregions,which suggeststhat the

central vortices were not formed by the samemechanismsthat createdthe stronger

surroundingvortices,but insteadwereformedasaresultof therolling-upprocess.
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Moreconclusiveevidenceto theclaim that the vortices rotate in a CCW direction

about a common center is shown in Figure 15a-c. This figure shows the spanwise axial

velocity profiles for three different y/c locations cut horizontally through Figure 13d.

Figure 15a,b indicates the existence of three relatively strong vortex structures A, C, and

D, where the spanwise velocity in the center of each vortex is approximately zero. Figure

15c indicates that a fourth vortex structure, E, exists, but that it is relatively weak

compared to the other three vortices. Considering the direction of the spanwise velocity

for all data points surrounding vortices A, D, and E, we see that their general motion is up

or in the positive y/c direction according to Figures 13d and 15a-c. Furthermore, the

general motion of vortex C is in the downward or negative y/c direction according to the

same Figures. Between these opposite moving vortices, Figure 15a shows a line of data

points that pass through zero, where the points on the right are moving upward and the

points on the left are moving downward. The zero point on this line corresponds to the

vortex B in Figure 13d and is the center of rotation for vortices A, C, D, and E.

Round End-Cap Results and Discussion

The tangential and axial velocity contours for the round end-cap wing section at o_

= 4, 8, and 12 degrees are shown in Figures 16-18. The data for these contours were

collected at the streamwise locations ofx/c = 0.05 and x/c = 1.0. Due to high flow angles

over most of the measurement plane, the contour plots of the data collected at x/c = -0.15

are not presented. Flow visualization and the video footage for this streamwise location,

however, show that the flow moves smoothly around the end-cap and does not begin to

separate into a distinct vortex until appr0ximateIy x/c = -0.30. This is in contrast with

the flat end-cap results, which show the initial formation of the first vortex to be near the

leading edge. Nevertheless, the velocity _contours shown for the Other StreamwiSe

locations hold sufficient information to describe the structure of the wingtip vortex

generated with a round end-cap.
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Figure 16a-dshowsthe velocity contoursat _ = 4 degrees.Unlike the multiple

vorticesshownin the flat end-capresults,the roundend-capvelocity contours show a

singlecoherentvortexwith relativelyhightangentialandaxialvelocity gradients. Figure

16a,bshows that the structure of the vortex just behind the trailing edge is nearly

symmetricwith moderateinfluencefrom wakeregionthatis beginningto beentrainedinto
....._-_ .... __ _--_--_ .... _

the vortexstructure. Noting that the scaleof the axesin Figures1lc,d and 16a,biS the

same,a comparisonbetweenthe two figuresshowsthat the singlevortexgeneratedfrom

the roundend-capis largerthan the two vorticesgeneratedby the flat-end-cap. This is

expectedsincethe vortex generatedfrom the round end-capcontainsnearly the same

amountof the wing section'svorticity asdoesthe two vorticesgeneratedfrom the flat

end-cap.Furtherdownstreamat x/c = 1.0,the contoursof Figure16c,dindicatethat the

roll-up of the vortex is nearly completeand very little influencefrom the wake region

remains. Moreover,the velocity C0fitoursremainrelatively concentrated,especiaIIyln-

theaxialdirection,comparedto thevelocitycontoursshownin Figure 11e,f.

The velocity contours for (z = 8 degreesare shown in Figure 17a-d. These

contoursshow two vortex structuresforming next to eachother that persist from the

measurementplanelocatedat x/c= 0.05to x/c= 1.0. Comparingthe largerstructurewith

the vortex seenat a = 4 degrees,we see that an increasein the angle-of-attackhas

increasedthesizeandstrengthof thevortex. Flow visualizationfootageindicatesthat the

largervortexoriginatedalongthe round end-cap,but doesnot show where the second

muchweakervortex originated. The velocity contoursat x/c = 0.05, shown in Figure

17a,b,seemto indicatethatit is formeddueto someinteractionbetweenthe wake region

andthe strongervortex. Thoughthe influenceof the wake regionat ot = 4 degreesis

relativelysmallbyonechordlengthdownstream,Figure 17c,dshowsthat it ;z0ntinues to

have a noticeable influence on the structure of the vortex in the form of the much smaller

vortex present at x/c = 0.05.
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The velocity contoursfor _ = 12degreesareshownin Figure18a-d. Similar to

the o_= 8 degreescase,two vorticeshaveformedjust downstreamof the trailing edge.

Both vorticeshaveincreasedin sizeandstrengthfrom thoseseenat c_= 8 degreesand

continueto remainnearlyunchangedto x/c= 1.0. The video footageindicatesthat the

largervortexstructureoriginatedupstreamof the trailingedgeon the suction sideof the

end-cap,but doesnot conclusivelyshowwherethe smallervortexoriginatedor eventhat

it persistsdownstreamto x/c = 1.0.

Loading Parameter Analysis

One of the goals of this study was to reconcile the different axial velocity profiles

presented by previous experimental and numerical studies. As suggested by Spalart

(1998), a significant interplay between the tangential and axial velocity components can

lead to cases where both a "wake-like" and "jet-like" axial velocity profile can occur in

vortices generated by the same wing section and end-cap treatment. In his analysis,

Spalart (1998) derives a proportional relationship between the axial velocity component,

Ux, and a dimensionless quantity identified here as the wing loading parameter, F/(U _ b),

where 1-"is the wing circulation, U _ is the free stream velocity, and b is the wing span. It

is theorized that this loading parameter can be used to determine the magnitude of the

Bernoulli effect on the characteristics of the axial flow.

Using the velocity data from the current study, the loading parameter for each

wing configuration and all three angles-of-attack was calculated by integrating the

tangential velocity components around the edges of the measurement plane located at x/c

-- 1.0. The loading parameter results are shown in Figure 19, which is a plot of the

normalized axial velocity component near the center of the vortex versus the

corresponding loading parameter. Also shown in this figure are results from studies

performed by Chow et al. (1997), Dacles-Mariani et al. (1995), Devenport et al. (1996),

and Green (1995). The axial velocity profiles used to generate Figure 19 are presented in
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Figure 20. The loading parameter results indicate that a "jet-like" profile is obtained when

the loading parameter is on the order of 0.1 or greater, and a "wake-like" profile is

obtained when the loading parameter is on the order of 0.1 or less. The dotted horizontal

and vertical lines in Figure 19 represent the region of transition from a "wake-like" to a

"jet-like" profile at F/(U oob) = 0.1. Since all of the reported values fall within the first or

third quadrants of the graph, it is concluded that the loading parameter is a good indicator

of when a "jet-like" or a "wake-like" axial velocity profile can be expected.

The loading parameter illuminates an additional effect that the end-cap treatments

have on the structure of the generated vortex. Figure 19 shows that the loading parameter

calculated for the wing section fitted with the flat end-cap is consistently higherfor each

angle-of-attack, compared to the round end-cap. However, Figure 19 shows that the

round end-cap wing section produces a stronger "jet-like" and "wake-like" behavior

compared to the flat end-cap. This seemingly contradictory result is explained by the

pressure data from McAlister and Takahashi (1991) and from the velocity data collected

in this study. The data from McAlister and Takahashi (1991) shows that the flat end-cap

produces a slight increase the lift and thus the loading on the wingtip of the wing section.

The velocity data from this study shows that the vorticity is more concentrated in the

vortex generated from the round end-cap causing an increase in the Bernoulli effect, or the

interaction between the tangential and axial velocity components.

Flow Visualization Results

The results from the flow visualization study are shown in Figures 21-26. These

figures include the flat and round end-cap treatments, all three angies-0f-attack, _d the

measurement planes, x/c = -0.20 (flat end-cap), x/c = -0.15 (round end-cap), x/c = 0.05,

and x/c = 1.0. The flow parameters, angle-of-attack of the wing section, and streamwise

test locations for the visual survey were consistent with those used in the velocity survey

to allow a direct comparison and facilitate an accurate interpretation of the tw0 sets of
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results. It shouldbenotedthat the orientationof the imagesshownin Figures21-26 are

from a vantagepoint upstreamof the measurementplaneasopposedto the downstream

view seenin thevelocity contours. Becauseof this reversedvantagepoint, the pressure

sideof thewing sectionis locatedon theIeft in the imagesandthe suctionside is located

on theright. The imageswerecapturedfrom the videofootagerecordedduringthe flow

visualizationsurveyof thewingtipvortex. Thestill imagesof the wingtip vortexprovide

a good representationof the vortex structure, however, they provide only limited

informationregardingthe vortexdynamics. By comparison,watchingthe video footage

allowstheviewer's eyesto integratethe seriesof capturedimagesover time introducing

moredetail and better resolutionof the vortexdynamics. Therefore,referenceto the

informationcontainedin thevideofootagewill beincludedin thediscussionof the images

shown in Figures 21-26 to provide a more complete look at the formation and

developmentof thewingtipvortex.

Flat End-Cap

Figure2la-c showstheflow visualizationimagesfor theflat end-capwing section

at t_ = 4 degrees. At this angle-of-attack, Figure 21a shows that two distinct vortex

structures have formed, one located over the end-cap and the other just below the end-cap

on the suction side of the wing section. These two vortices are stable in time showing

only slight unsteadiness attributed to the flow conditions in the test section and not to the

nature of their formation. The vortex located over the end-cap began its formation near

the leading edge of the wing section and continued along the pressure side edge of the flat

end-cap to the location shown. Similarly, the suction side vortex began to form near the

leading edge, but left the edge of the end-cap shortly after its initial formation and moved_

downward in the images toward the root of the wing section. The progression of these

two vortices as they move downstream is illustrated in Figure 14a-c.
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Figure21b showsthatasthevorticesmovefurtherdownstreamto x/c = 0.05 they

processin a clock-wise(CW) directionwith respectto the wing section. Due t0 the

reversedvantagepoint, this is consistentwith their directionof rotation as seenin the

velocity contours. The imageindicatesthat the vorticesarevertically alignedwith each

other and the trailing edgeof the wing sectionwith a hint of the wake regionbeing

entrainedin to thetop structure.This is consistentwith the velocity contoursshownin

Figure 1l c,d. As thevorticescontifiuem0vingdownstreamin ihe iest section,the vide0

footage shows that they processaroundeach other in a helical pattern until they

eventuallymergeinto a singlevortex. Figure21cshows'the finaI s{ages of {his merging

process at the streamwise location of x/c -- 1.0. Though, the flow visualization images

indicate that the roll-up process is complete by x/c 1.0, the velocity 6_n{eurs c0ntradict

this conclusion by showing the existence of small structure that are not completely

entrained in to one vortex. This discrepancy is due to the smoke becoming more diffuse

as it moves further downstream resulting in a lower resolution of the images.

Figures 22a-c shows the development of the wingtip vortex from x/c = -0.02 to x/c

.........................................

= 1.0 for c_ = 8 degrees. Confirming the result shown in the contour plots of Figure 12,

the flow visualization images show three vortex structures forming adjacent to the flat

end-cap and processing in a CW direction downstream until they merge into a single

vortex. Similarly, Figure 23a-c shows three vortex structures being generated by the flat

end-cap that move downstream in a helical pattern until the merge. A comparison of the

velocity contours in Figures 12a,c and 13a,c with the flow visualization images in Figures

22a,b and 23a,b show that the locations of the structures in each measurement correlate

well. This correlation provides confidence in the results of both surveys.

: _ i::i:5{5£: £:7:?i:-7=-.-;::-2_z_zzY!::=.-_..- -_-f;T'_{_-:-z2z2=-_i:zzT:.-z: :2}{2kTi ::

2 :_ 15 : 7 :':-_ -2 _ )'=T _> " -U>_.:_8_:: : v z ::7 :::£ :

Round End-Cap

The flow visualization images for the round end-cfip m_ng section at all three

angles of attack are shown in Figures 24-26. AII images show thai a single vortex is
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generatedon the suctionsideof the wing sectionno further upstreamthan x/c = -0.60.

Unlike thefixed separationpoint causedby theedgesof theflat end-cap,thesinglevortex

generatedby the roundend-capis formedstrictly by thepressuregradientbetweenthe

surfacesof the wing section. Thevideofootageshows that without a fixed separation

point the initial formationof thewingtip vortex is delayed. Thoughthe exactpoint of

formationcannotbedeterminedby the video,it is clearthat formationoccurssoonerat

higherangles-of-attackor strongerpressuregradients. Oncethe singlevortex forms, it

remainsin a regionnearthe end-capon the suctionside of the wing section,which is

dominatedby a largeflow of vortidty from the pressureto the suctionsideof the wing

section. This result is similar to thephenomenondescribedfor the strongsuction side

vortexgeneratedby theflat end-capgeometry.

As the vortex movesbeyond the trailing edge,a "mushroom shaped" section

forms nearthe centerof the vortex. This sectionis formedasthe wakeregioninteracts

with the wingtip vortexduringthe initial stagesof the roll-up process. This interaction

becomesmorenoticeableat higherangles'of-attackastheasthefluid in thewakeregionis

acceleratedmorequickly into the existingvortex structure. The influenceof the wake,

accordingto theflow visualizationimages,isprogressivelydiminishedfor all threeangles-

of-attackuntil asinglesymmetricvortexexistsatx/c= 1.0.
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CONCLUSIONSAND FUTURERESEARCH

ResearchConclusions

The structureanddevelopmentof the wingtip vortex from a NACA 00!_5_wi'ng................

sectionwasinvestigatedby surveyingthe flow field with triple-sensorhot wire velocity

measurementsandflow visualizationimages.The resultsfrom thesesurveysshow that

multiplevortexstructuresform nextto the flat end-capwingtip for eachtestedangle-of-

attackof a = 4, 8, and 12degrees.Flow visualizationimagesshow that thesevortices

beginto form neartheleadingedgeof thewingtipatthe fixedseparationpoint formedby

theedgesof the flat end-cap. Thevelocity andflow visualizationdatasuggeststhat the

edgesof the flat end-capdivide thevorticity createdby the wing sectioninto multiple

vorticity sheets.The dividedvorticity sheetsform individual,relativelystrongvortices,

which movedownstreamin a counter-clockwisedirectionarounda commonCenteruntil

theyeventuallymergeto form a singlecoherentwingtipvortex. Thedownstreamdistance

required for the vortex structuresto completely mergeprogressively increasesfor

increasingangles-of-attack.The dataalso show that the numberof individual vortices

shedfrom the flat end-capincreasesasthe angle-of-attackincreasesfrom approximately

two at_x= 4 degreesto five at c_- 12degrees.

In contrastwith the flat end-capresults,the velocity andflow visualizationdata

showthatasinglecoherentvortex formson the suctionsideof the roundend-capfor all

threeangles-of-attack.This singlevortexremainsrelativelystrongandcoherentthrough

the final measurementplaneof x/c= 1.0. The velocity measurementsshow that the

tangentialvelocity componentis higherin the singlevortexproducedby the =round'end-....

cap as compared to multiple vortices produced by the flat end-cap. The difference in this

component of velocity is attributed to the distribution of vorticity in the vortex structures

generated from each of the end-cap treatments. The single vortex that is generated by the
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round end-capconcentratesthe vorticity of the wing section into a tightly Wound

structurethat producesa high tangentialvelocity. In contrast, the multiple vortices

generatedby the flat end-capdistributethe vorticity further from the commoncenterof

rotation,which producesa lower tangentialvelocity. In addition,the energylost to the

surroundingfluid duringthe mergingprocessof the multiple vorticesreducesthe overall

strengthof theresultingsinglevortexandproducesarelativelylower tangentialvelocity.

The ability of the loadingparameterto reconciledifferencesin the axialvelocity

profiles from this study andpreviousexperimentalandnumericalstudieswasevaluated.

Theresultsshowthat the loadingparameteris a goodindicatorof whena 'jet-like" or a

"wake-like" axialvelocityprofile canbeexpected.Thegeneraltrendsfrom this studyand

previousstudiesshow that a 'Jet-like" axialvelocity profile canbeexpectedfor loading

parametervaluesgreaterthan 0.1 and that a "wake-like" profile can be expectedfor

loadingparametervalueslessthan 0.1. This parameterprovides additionalinformation

that canhelpfuture experimentalStudiesandnumericalcodescompareandvalidatetheir

axial velocityresultswith existingaxialvelocitytrends.

The magnitudeof the loadingparameter,however,cannotbeusedto predict the

magnitudeof theaxialvelocityexcessordeficit basedon thevaryingeffects the geometry

of the wing sectionand its end-caphaveon the valueof the loadingparameter. For

example,the flat end-capproduceslower jet velocitiesat each angle-of-attackwhile

producinghigherloadingparametervalues. The causeof this result is tracedbackto the

initial formation of the vortices producedby eachend-captreatment. The multiple

vorticesgeneratedby theflat end-capform closerto the leadingedgeof the wing section,

whichcausesadecreasein thepressure,anincreasein the lift, andtherefore,anincreasein

the loadingparameterwhencomparedto the roundend-cap. However,the singlevortex

generatedby the roundend-capis moreconcentratedand containsmoreenergy,which

increasestheBernoulli effectandisresponsiblefor thehigherjet velocity.
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The resultsfrom the flow visualizationimagesconfirm the presence of multiple

vortices being generated from the flat end-cap and a single vortex being generated from the

round end-cap. They also confirfi]-t_t the vortex structures process downstream in a

helical pattern until they merge into a single, nearly symmetric vortex. Low resolution in

the images, however, prevents the fine details of the flow from being seen. Therefore,

results from the velocity and flow visualization surveys are correlated in order to more

clearly understand the structure and development of the wingtip vortex.

Future Research

The results of this study show general trends in the formation of a wingtip vortex

generated from a flat and round end-cap. The details of this formation, such as the origin,

the relative movements, and the structure of the core of each vortex were not presented.

These fine details require data to be collected at more streamwise locations, particularly

adjacent to the end-cap, and at more angles-of-attack. In addition, steps need to be taken

to reduce the effects of high flow angles on the data. This may require a different probe

that is less sensitive to high flow angles, a more precise calibration process for the hot

wire probe, or a new technique in obtaining the velocity data such as a laser doppIer

velocimeter (LDV) or a multi-hole pressure probe. In addition to improving the velocity

measurements, better flow visualization techniques should be investigated that will

improve the flow seeding process, reduce the diffusion of the smoke after being entrained

into the vortex, and improve the resolution of the images so that finer detail can be

observed.
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Figure 1. Wingtip vortex interpretation due to a pressure field around the wing.
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Figure 5. Wing section and splitter plate positioned in the wind tunnel test section.
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Figure 20 a-d. Axial velocity pr6files for the flat and round_fi&cfip conflguratiofis at

x/c=l.O and x/c=2.0.



55

(a) (b)

(c)

Figure 21 a-c. FIow visualization images for the flat end-cap at o_=4 °. (a),x/c=-0.20; (b),

x/c=0.05; (c) x/c=l.0.
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(a) (b)

(c)

Figure 22 a-c. Flow visualization images for the fiat end-cap at o_=8 °. (a), x/c=-0.20; (b),

x/c=0.05; (c) x/c=l.0.
i-__ : _......
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(a) (b)

(C) ....

Figure 23 a-c. Flow visualization images for the flat end-cap at ot=12 °. (a),x/c=-0.20; (b),

x/c=O.05; (c) x/c=l.O.
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(a) (b)

(C) ....

Figure 24 a-c. Flow visualization images for the round end-cap at or=4 °. (a), x/c=-0.15;

(b), x/c=O.05; (c) x/c=l.O.
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(a) ..... (b)

(c)

Figure 25 a-c. Flow visualization images for the round end-cap at or=8 °. (a), x/c=-0.15;

(b), x/c=0.05; (c) x/c-l.0.
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Figure 26 a-c. Flow visualization images for the round end-cap at c_=12°. (a), x/c--0.15;

(b), x/c=O.05; (c) x/c=l.O.


